Salicylic acid (SA) is a signal in systemic acquired resistance and an inducer of the alternative oxidase protein in tobacco (Nicofiana tabacum cv Xanthi nc) cell suspensions and during thermogenesis i n aroid spadices. The effects of SA on the levels of alternative oxidase protein and the pathogenesis-related l a mRNA (a marker for systemic acquired resistance), and on the partitioning of electrons between the Cyt and alternative pathways were investigated in tobacco. Leaves were treated with 1.0 mM SA and mitochondria isolated at times between 1 h and 3 d after treatment. Alternative oxidase protein increased 2.5-fold within 5 h, reached a maximum (9-fold) after 12 h, and remained at twice the level of control plants after 3 d. Measurements of isotope fractionation of '*O by intact leaf tissue gave a value of 23% at all times, identical to that of control plants, indicating a constant 27 to 30% of electron-flow partitioning to the alternative oxidase independent of treatment with SA. Transgenic NahC tobacco p!ants that express bacterial salicylate hydroxylase and possess very low levels of SA gave a fractionation of 23% and showed control levels of alternative oxidase protein, suggesting that steady-state alternative oxidase accumulates i n an SA-independent manner. lnfection of plants with tobacco mosaic virus resulted in an increase in alternative oxidase protein in both infected and systemic leaves, but no increase was observed in comparably infected NahC plants. Total respiration rate and partitioning of electrons to the alternative pathway in virus-infected plants was comparable to that in uninfected controls.
Salicylic acid (SA) is a signal in systemic acquired resistance and an inducer of the alternative oxidase protein in tobacco (Nicofiana tabacum cv Xanthi nc) cell suspensions and during thermogenesis i n aroid spadices. The effects of SA on the levels of alternative oxidase protein and the pathogenesis-related l a mRNA (a marker for systemic acquired resistance), and on the partitioning of electrons between the Cyt and alternative pathways were investigated in tobacco. Leaves were treated with 1.0 mM SA and mitochondria isolated at times between 1 h and 3 d after treatment. Alternative oxidase protein increased 2.5-fold within 5 h, reached a maximum (9-fold) after 12 h, and remained at twice the level of control plants after 3 d. Measurements of isotope fractionation of '*O by intact leaf tissue gave a value of 23% at all times, identical to that of control plants, indicating a constant 27 to 30% of electron-flow partitioning to the alternative oxidase independent of treatment with SA. Transgenic NahC tobacco p!ants that express bacterial salicylate hydroxylase and possess very low levels of SA gave a fractionation of 23% and showed control levels of alternative oxidase protein, suggesting that steady-state alternative oxidase accumulates i n an SA-independent manner. lnfection of plants with tobacco mosaic virus resulted in an increase in alternative oxidase protein in both infected and systemic leaves, but no increase was observed in comparably infected NahC plants. Total respiration rate and partitioning of electrons to the alternative pathway in virus-infected plants was comparable to that in uninfected controls.
One of the distinguishing features of plant mitochondria is the presence of a cyanide-resistant "alternative" electron transfer pathway in addition to the standard cyanidesensitive Cyt pathway (Moore and Siedow, 1991; Siedow and Umbach, 1995) . The alternative pathway consists of a single ubiquinol oxidase, known as the alternative oxidase, that transfers electrons from reduced ubiquinone to molec- ular O,, producing water as the product (Moore and Siedow, 1991) . The alternative oxidase does not pump protons across the inner membrane and, because it bypasses the two sites of proton translocation at complexes 111 and IV, the free energy is released as heat (Whitehouse and Moore, 1995) . The physiological role of this pathway remains unclear except in the specialized case of promoting thermogenesis during flowering in aroid spadices (Moore and Siedow, 1991) . The pathway is present in a11 higher plants and also in a number of algae and fungi (Moore and Siedow, 1991) .
SA has been demonstrated to induce expression of the alternative oxidase protein. This was first shown in voodoo lily (Sauromatum guttatum) appendix tissue (Raskin et al., 1987 (Raskin et al., , 1989 Elthon et al., 1989a) , where SA acts as an endogenous trigger of thermogenesis. Later, Rhoads and McIntosh (1992) demonstrated that in S. guttatum appendix tissue, SA induced a dramatic increase in the level of the alternative oxidase transcript, leading to an accumulation of the protein within the mitochondria. SA is also able to induce expression of the alternative oxidase in tobacco (Nicotiana tabacum L.) cell-suspension cultures (Rhoads and McIntosh, 1993) , increasing the activity of the alternative pathway in the presence of inhibitors of the Cyt pathway (Kapulnik et al., 1992; Rhoads and McIntosh, 1993) .
SA also plays a central role in the plant disease-resistance response (Delaney et al., 1994) , including the activation of SAR, an inducible defense response that confers a longlasting, enhanced resistance against a broad spectrum of pathogens (Chester, 1933; Ross, 1961; Kuc, 1982) . A necrotizing pathogen infection triggers the release of a phloemmobile signal that travels throughout the plant and leads to activation of SAR in target tissues. Little is known about the signal cascade that triggers the activation of SAR, but elevated levels of SA have been found to be required for SAR induction Ryals et al., Plant Physiol. Vol. 115, 1997 . In tobacco and Arabidopsis exogenous application of SA activates both SAR and SAR gene expression (White, 1979; Ward et al., 1991; Uknes et al., 1992) . Moreover, transgenic NahG plants, which are unable to accumulate elevated levels of SA due to expression of a bacterial salicylate hydroxylase, were found to be incapable of mounting an SAR response (Gaffney et al., 1993) . Grafting experiments using wild-type and NahG plants have shown that SA is most likely not the phloem-mobile signal in SAR, but the signal requires SA to mount a systemic SAR response in tissues distant from the infection site .
Recently, Van Der Straeten et al. (1995) studied the response of tobacco leaves to exogenous application of SA. Using a high-resolution IR camera the authors recorded a 0.5 to 1.0"C rise in the surface temperature of the tobacco leaves following SA treatment. The temperature increase was found to be partially repressed by the exogenous application of SHAM, a specific inhibitor of the alternative oxidase. In addition, polarographic measurements of respiratory activity demonstrated an increase in the overall respiration rate, as well as that of the alternative pathway (i.e. following the addition of cyanide), after SA treatment. The authors suggested that the temperature increase seen in the tobacco leaves was due to an increase in alternative pathway activity stimulated by the application of SA.
In recent years it has been demonstrated that the alternative oxidase can compete for electrons with an unsaturated Cyt pathway (Hoefnagel et al., 1995; Siedow and Umbach, 1995) , and that the use of inhibitors to quantify the activity of the alternative oxidase is unsound Ribas-Carbo et al., 1995; Day et al., 1996) . Currently, the only available method to measure the partitioning of electrons between the alternative and Cyt pathways in the absence of inhibitors is that of O,-isotope fractionation, which can be performed on intact tissue (Robinson et al., 1992 and on isolated mitochondria (Guy et al., 1989; Ribas-Carbo et al., 1995 .
Here we report the use of the O,-isotope fractionation technique to study the effects of salicylate on the alternative oxidase of tobacco mitochondria. The results are discussed in relation to a possible role for the alternative oxidase in SAR.
MATERIALS AND METHODS

Plant Material and Treatments
Tobacco (Nicotiana tabacum L.) plants were either cv Xanthi. nc (referred to as cv Xanthi) or cv Samsun, which are both local lesion hosts for TMV. Salicylate hydroxylaseexpressing lines were either NahG (also called NahG-10; Friedrich et al., 1995) , a transgenic cv Xanthi line, or SH-L, a transgenic cv Samsun line. Both lines catabolize SA to catechol due to the activity of salicylate hydroxylase from Pseudomonas putida (Bi et al., 1995; Friedrich et al., 1995) .
Plants were grown in a greenhouse under a 16-h/8-h light / dark regimen and were used for experiments at an age of 6 to 8 weeks. For SA treatments, 1.0 mM SA was infiltrated into the apoplast to fully saturate the leaves (Ward et al., 1991) . Inoculation with TMV and control "mock infections were performed as described by Ward et al. (1991) . At least three individual plants and three leaves per plant were treated for each measurement. For mitochondrial isolations and RNA extractions, tissues from similarly treated leaves were pooled upon harvesting, whereas for O,-isotope analysis, tissue of individual leaves was analyzed separately.
Mitochondrial lsolation
Mitochondrial mini-preparations were performed according to the method of Boutry et al. (1984) , with some modifications. Five grams of leaf tissue was ground with glass beads in a mortar and pestle in 40 mL of mitochondrial grinding buffer (Umbach and Siedow, 1993) . The homogenate was filtered through four layers of cheesecloth and the filtrate was centrifuged for 2 min at 3,OOOg. The resulting supernatant was centrifuged for 10 min at 17,OOOg and the pellet was resuspended in 1 mL of wash medium (Umbach and Siedow, 1993 ). The resuspended pellet was then purified on a discontinuous Percoll gradient by centrifugation at 27,OOOg for 30 min. The gradient layers consisted of 1 mL of 45% Percoll, 2 mL of 21% Percoll, and 2 mL of 13.5% Percoll-containing wash medium. The mitochondrial fraction at the 21/45% interface was removed and washed twice in wash medium at 27, OOOg for 10 min. The final pellet was resuspended in 100 pL of wash medium. Protein concentrations were estimated by the method of Lowry et al. (1951) . lmmunoblotting SDS-PAGE was performed using 10% polyacrylamide gels, essentially according to Laemmli (1970) . Proteins were transferred to nitrocellulose according to Towbin et al. (1979) , and immunoblotting was performed by an initial incubation in 3% BSA and 2% milk powder in PBS solution for 2 h. The filters were then washed three times with PBS and subsequently probed with the alternative oxidase A monoclonal antibody against the alternative oxidase protein (Elthon et al., 198913) or a polyclonal antibody against Cyt c oxidase subunit I1 (a generous gift of Dr. C.S. Levings, 111, North Carolina State University, Raleigh) at a dilution of 1:500 for 1 h. Following three washes in PBS solution, the filters were incubated with horseradish peroxidaseconjugated secondary antibody at a dilution of 1:20,000 for 1 h. The filters were then washed three times in blot rinse buffer (10 mM Tris, pH 7.4,150 mM NaCl, 1 mM EDTA, and 0.1% [v/v] Tween 20) and the bound antibodies were detected using the ECL detection system (Amersham), according to the manufacturer's instructions. To quantify the protein levels, densitometry was performed as described by Umbach and Siedow (1993) . In a11 immunoblots of the alternative oxidase, only a single species running with an apparent molecular mass of 35 kD was ever observed. precipitation (Lagrimini et al., 1987) . Total RNA (10 pg) was separated by electrophoresis through formaldehydeagarose gels and blotted to nylon-based membranes (GeneScreen Plus, NEN). Equal loading of samples was confirmed by including ethidium bromide in the sampleloading buffer, allowing visualization of RNA by photography under UV light (Ward et al., 1991) . Blotted gels were hybridized with a 32P-labeled cDNA probe for PR-la, as described (Ward et al., 1991) .
O,-lsotope Analysis
Three tobacco leaf discs (3.5 cm diameter) taken from separate plants were weighed and placed into a closed cuvette that was maintained under total darkness at room temperature. During inhibitor treatments either 1.0 mM KCN or 10 mM SHAM was applied by first sandwiching tissues between medica1 wipes saturated with the corresponding inhibitor for 10 min, and then surface-drying the tissues and transferring them to the cuvette. There was no apparent recovery from inhibitor treatments during the course of the experiments, as the Y' values for a11 linear regressions of the fractionation values reported were greater than 0.995.
O,-isotope analysis was performed as described in Robinson et al. (1995) . Calculations of O,-isotope fractionation followed Robinson et al. (1995) , and electron partitioning between the two pathways in the absence of inhibitors (Ta) was calculated as described by Guy et al. (1989) . Linear regressions used to calculate the fractionation factor (D) were discarded if the resulting Y' was less than 0.995. The fractionation factor was converted to A, as in Guy et al. (1989) .
RESULTS
Effects of SA on the Alternative Oxidase
O,-isotope fractionation by the Aa and Ac pathways was measured in the presence of 1.0 mM KCN and 10 mM SHAM, respectively, as described in "Materials and Methods." The value of Aa was 31.4% 5 0.2 and that of Ac was 20.1% 5 0.3. These values are similar to those reported previously in green soybean cotyledons and leaf discs Ribas-Carbo et al., 1997) . These values were subsequently used to calculate electron partitioning between the Cyt and alternative pathways in the absence of inhibitors.
Initial experiments, performed to optimize SA treatment of tobacco, revealed that infiltration of SA into the apoplast was preferable to spray treatment because infiltration led to more consistent results. A concentration of 1 mM SA was found to strongly induce PR-la gene expression with no observable phytotoxicity (data not shown). To determine the effect of SA on alternative oxidase electron partitioning in tobacco, leaves of cv Xanthi and cv Samsun were infiltrated with 1 mM SA, and O, fractionation by the tissue was measured over a time period from 1 h to 3 d. Electron partitioning (23.2%) between the two pathways in the absence of inhibitors (An) did not change throughout the experimental time course (Fig. 1 ). This value of An corresponds to a Ta of 0.27, indicating that 27% of the total electron flow is partitioned to the alternative pathway during respiration.
Treatment with SA did not affect the overall rate of respiration (approximately 110 nmol O, min-l g-' fresh weight) during the 3-d experimental time course (Fig. 1B) fresh weight (Fig. 1C ). Similar respiration rates and An values were obtained with the cv Samsun (data not shown). Preincubation of leaf discs for 60 min (after cutting) did not affect the observed respiration rates or An values, and the respiration rate remained constant during the 90-min time course of the measurement. This suggests that the measured respiration rates and values of An do not reflect any complicating involvement of a wound response. The rate of residual O 2 in the presence of both SHAM and KCN, which can potentially complicate measurements of O 2 -isotope fractionation, was well below 5% of the uninhibited respiration rate in the leaf discs and was unchanged following SA treatment. Taken together, these results suggest that SA treatment does not affect either the overall respiration rate or the relative contributions of the Cyt and alternative pathways to respiration. Figure 2 , top, demonstrates that treatment with SA did affect the amount of alternative oxidase, as detected on an immunoblot with the alternative oxidase monoclonal antibody against the alternative oxidase protein (Elthon et al., 1989b) . There was a 2.5-fold increase in alternative oxidase protein 5 h after treatment with SA. The level of the alter- native oxidase protein reached a maximum 12 h after SA treatment, with a 9-fold increase in protein over that in untreated plants. The level of the alternative oxidase protein decreased after 12 h, but 3 d after SA treatment it still remained elevated 2-fold over that observed in untreated control plants. There was also an increase in V KCN that tracked the amount of alternative oxidase protein, with a maximal increased rate (2-fold) observed at 12 h (Fig. 2,  top) . Even though a 9-fold increase in alternative oxidase protein level was observed at 12 h, the resulting V KCN was approximately equal to the respiration rate seen in the absence of added inhibitor, suggesting that this is the maximal sustainable respiratory rate in these leaves. After 24 h VKCN decreased, as did the level of alternative oxidase protein. However, 3 d after SA treatment V KCN was still elevated in comparison to untreated control plants, as were levels of alternative oxidase protein. Figure 2 , bottom, demonstrates that the level of the Cyt oxidase subunit II protein was not elevated upon treatment with SA, although a decrease in the level of this protein was observed at 3 d. Concomitant with the induction of alternative oxidase by SA, there was a marked increase in mRNA levels of the PR-la protein (Fig. 3) , indicating that the SA treatment had induced SAR gene expression. PR-la is the predominant marker for the onset of SAR in tobacco (Ward et al., 1991) . In tobacco there are significant levels of alternative oxidase protein constitutively present, in contrast to other SA-inducible proteins, such as PR-la, which are rare in unstressed, healthy plants (Ward et al., 1991 ). To determine if the level of constitutively present alternative oxidase was dependent on the SA content of the plant, alternative oxidase was measured in transgenic NahG and SH-L (Bi et al., 1995) plants showed a An of 23.1% and had levels of the alternative oxidase protein similar to control plants (Fig. 4) . Therefore, NahG plants contain the alternative oxidase protein, and its activity during respiration is the same as that of control cv Xanthi wild-type plants. O 2 -isotope fractionation by the Aa (30.3% ± 0.3) and Ac (20.0% ± 0.2) of NahG leaf tissue were similar to the wild type, and the overall respiration rate of NahG and SH-L plants was 115 ± 5 nmol O 2 min" 1 g" 1 fresh weight, also identical to that of wild-type plants. Addition of SA to the NahG or SH-L plants did not cause a change in the electron partitioning between the alternative and Cyt pathways (data not shown). To test the effect of pathogen infection on the alternative oxidase, O 2 fractionation during respiration in tobacco leaf tissue and the level of alternative oxidase protein following infection by TMV were measured. These measurements were made in both infected, primary, and uninfected systemic leaves. Immunoblots (Fig. 5 ) indicated that 7 d after infection, the level of alternative oxidase protein is elevated in both TMV-infected primary leaves (lane 4) and in uninfected systemic leaves (lane 3) over that observed in mockinoculated control plants (lane 1). The increase was approximately 2-fold in both infected and uninfected leaves. To further characterize the induction of alternative oxidase in infected tissue, we compared levels of alternative oxidase protein in two types of leaf tissue: leaf sectors that displayed lesion formation due to TMV infection, and leaf sectors 1 cm distant to TMV-induced lesions. Figure 6B demonstrates that the level of alternative oxidase protein was increased to a greater extent in TMV-infected leaf sectors (4-fold; lane 4B), compared with regions of the leaf adjacent to infected sectors (1.5-fold; lane 3B). The partitioning of electrons between the Cyt and alternative pathways in both the infected and uninfected leaves did not differ from that in uninfected control plants (An = 23%), and the total respiration rate remained comparable to that of control plants (Fig. 5) . The induction of alternative oxidase in systemic leaves occurred concomitantly with the accumulation of PR-la mRNA in the same leaves (Fig. 7, lanes 1 and 2) , indicating that this process might be related to the onset of SAR in these leaves. To test whether accumulation of the alternative oxidase in systemic leaves of TMV-treated plants is SA dependent (as is the induction of SAR, Gaffney et al., 1993; Vernooij et al., 1994) , the TMV infection experiments were repeated with NahG and SH-L plants. In both NahG and SH-L plants (data not shown), TMV infection of the primary leaves did not cause an increase in either PR-la mRNA accumulation (Fig. 7, lanes 3 and 4) or the level of alternative oxidase protein (Fig. 6A, lanes 1 and 2) in systemic leaves.
DISCUSSION
It has been known for some time that SA modulates the induction of SAR following pathogen attack Ryals et al., 1996) and that SA can induce the expression of the alternative oxidase Mclntosh, 1992, 1993) . In this study we have reexamined the effects of SA on the alternative oxidase using O 2 -isotope fractionation, which allows measurement of the partitioning of electrons between the alternative and Cyt pathways in the absence of added inhibitors . Infiltration of 1.0 mM SA into leaves of tobacco caused a marked increase in the level of both the alternative oxidase protein and PR-la mRNA over a 3-d period. There was no change in the partitioning of electrons between the two pathways at any point during the experimental time course. In all cases a ra of 0.27 to 0.30 was observed, indicating that SA does not act to modulate the activity of the alternative pathway. Although no change in electron partitioning was observed, the increased alternative oxidase protein did lead to an increase in V KC N-There was no Figure 7 . PR-la gene expression in uninfected systemic leaves following treatment of cv Xanthi or cv NahG plants with TMV. RNA was isolated from uninfected systemic leaves of TMV or mock-inoculated plants 7 d after treatment and analyzed by gel-blot hybridization using PR-1 a as a probe. The same plants used in Figure 6 (lanes 1A, 2A, 1 B, and 2B) were analyzed. X, cv Xanthi; N, cv NahG; M, mock inoculation of primary leaf; and T, TMV inoculation of primary leaf.
Representative data from one of three experiments are presented.
increase in the level of the COXII protein following SA treatment, indicating that the elevated alternative oxidase did not result from an increase in all mitochondrial proteins. The increase in the level of the alternative oxidase protein and V KCN are consistent with the results of Rhoads and Mclntosh (1993) , who observed both an increase in the level of alternative oxidase protein and an increase in V KCN using tobacco cell-suspension cultures. However, the results of this study clearly indicate that an increase in the level of the alternative oxidase protein does not necessarily lead to an increase in V al , in the absence of inhibitors. All other factors being constant, a doubling of the amount of alternative oxidase protein would be expected to increase the partitioning of electrons to the oxidase in the absence of inhibitors. Whereas the specific alternative oxidase isozyme induced by SA could conceivably have different kinetic properties from that of the constitutively expressed oxidase, the alternative oxidase is also felt to be subject to a number of regulatory features (e.g. by a-keto acids and sulfhydryl/disulfide redox regulation) that can markedly modulate its activity (Siedow and Umbach, 1995) . The results of the present study suggst that there is an apparent regulation of the alternative oxidase that compensates for the higher amount of alternative oxidase protein present to keep the partitioning of electrons to the oxidase constant at a given total respiration rate. The respiratory data from this study differ from the results obtained by Van Der Straeten et al. (1995) . Eight hours after SA treatment of tobacco plants, these authors observed an increase in the total respiration rate, as well as an increase in the activity of the alternative pathway measured as the difference between total respiration and the respiration after the addition of 25 mM SHAM. The temperature of the leaf surface was also shown to increase by 0.5 to 1°C following treatment with SA. This temperature increase was proposed to be derived from the observed increase in alternative pathway activity. Van der Straeten et al. (1995) reported that the overall increase in respiration upon treatment with SA was 18 nmol O 2 min" 1 g" 1 fresh weight. Assuming that the entire increase in the respiration rate occurred via the alternative pathway, application of the Stefan-Boltzmann equation (Nobel, 1983) indicates that the total heat that could potentially be produced is two orders of magnitude below that required to account for the 0.5 to 1°C temperature increase observed by Van Der Straeten et al. (1995) . Further, the reported increase in alternative oxidase activity was demonstrated by the addition of SHAM, which may not represent a true measure of Val, in vivo in the absence of inhibitors (Day et al., 1996) .
Our results obtained in the absence of inhibitors indicate that following SA treatment there is no engagement of the alternative pathway above that observed in untreated control plants. The rate of O, consumption for untreated plants obtained in this study is higher than that reported by Van Der Straeten et al. (1995) , the difference being approximately 35 nmol O, min-' g-' fresh weight, perhaps due to varietal differences. The respiration rates reported by Van Der Straeten et al. (1995) following treatment with SA (approximately 90 m o 1 O, min-' g-' fresh weight) are closer to the rates obtained in our experiments for both treated and untreated plants. It is possible that the increase in respiration rate observed by Van Der Straeten et al. (1995) was due to the different method of application of SA to their plants. Van Der Straeten et al. (1995) sprayed 5 mM SA onto the leaf surface, whereas in our study 1 mM SA was infiltrated into the leaf . However, spraying 2.5, 5, or 10 mM SA did not result in an increase in either the partitioning of electrons to the alternative pathway or an increase in the total respiration rate with our plants (data not shown). Spraying tobacco leaves with 5 to 10 mM SA can lead to considerable toxicity (L. Friedrich, B. Vernooij, and J. Ryals, unpublished observations).
The ability of SA to increase the level of alternative oxidase protein led to the question of whether SA-deficient plants would contain less alternative oxidase than wildtype tobacco. Alternative oxidase protein was measured in two transgenic lines (SH-L and NahG) that have very low levels of SA (Bi et al., 1995; Friedrich et al., 1995) due to expression of a bacterial salicylate hydroxylase. Both transgenic lines exhibited comparable amounts of alternative oxidase protein and the same alternative pathway activity as wild-type plants. These results suggest that endogenous SA is not required for a constitutive level of expression of the alternative oxidase, but that the presence of enhanced levels of cellular SA does induce an increase in the level of the alternative oxidase protein. Rhoads and McIntosh (1992) have previously proposed that the developmental regulation of alternative oxidase expression in voodoo lily (Saurotum guttatum) may not be solely dependent on SA, and recent work by Vanlerberghe and McIntosh (1996) has shown, in tobacco suspension-cell cultures, that a number of compounds, including citrate, Cys, and H,O,, can induce an increase in both the level of alternative oxidase protein and V, , , .
Our results are in agreement with those of Vanlerberghe and McIntosh (1996) , who found that expression of the alternative oxidase was not regulated solely by SA, which further supports the concept that there are a number of cellular species that can regulate expression of the alternative oxidase. Whelan et al. (1995) have reported the presence of two distinct alternative oxidase cDNAs in tobacco, leading to the possibility that only one of these represents a gene product that is responsive to SA.
After infection of wild-type tobacco plants with TMV, we found an increase in the level of the alternative oxidase protein in the infected leaves after 7 d, but no change in activity of the alternative pathway was detected. However, this result may be misleading. Increased engagement of the alternative oxidase could be restricted to cells close to the edge of the lesion sites. As such, no significant increase in alternative oxidase activity would be observed, as the vast majority of the tissue would still have a fractionation of 23% and mask the larger fractionation in the small percentage of tissue near the lesion site.
Similar results were obtained with tissue from uninfected leaves of the same plants. Infection of wild-type tobacco plants with TMV also resulted in increased levels of the alternative oxidase protein in uninfected leaves after 7 d, whereas the partitioning of electrons between the alternative and Cyt pathways was not affected in these leaves. Moreover, TMV treatment of transgenic plants unable to accumulate SA did not result in detectable changes in the uninfected leaves. In the same set of experiments the levels of PR-la mRNA in uninfected leaves were induced in wild-type, but not in SA-deficient, transgenic plants. These data suggest that induction of alternative oxidase protein in uninfected leaves is SA dependent and correlates with expression of PR-la, a primary marker for SAR in tobacco (Ward et al., 1991) .
We speculate that elevated levels of alternative oxidase protein may be an element of the SAR response in tobacco. The systemic response may be poising the level of the alternative oxidase, along with other SAR proteins, such that they can react rapidly to subsequent pathogen infection. This suggests that the alternative oxidase could play a role in the response of plants to pathogen infection. One possibility is that the alternative oxidase may be involved in maintaining the oxidative burst that occurs following infection with pathogens that trigger a hypersensitive response (Hammond-Kosack and Jones, 1996) . High local levels of SA have been proposed to contribute to maintaining the oxidative burst by inhibition of oxidoreductases (Chen et al., 1993; Neuenschwander et al., 1995) , leading to an increase in the half-life of reactive O, intermediates. Generation of the oxidative burst is believed to require NADPH (Hammond-Kosack and Jones, 1996) . Production of large quantities of NADPH could occur via the pentose phosphate shunt, which would result in the oxidation of Glc-6-phosphate to pyruvate with the production of ATP and NADPH (Stryer, 1981) . To maintain the pathway the resulting pyruvate would need to be oxidized to CO,. The alternative oxidase could aid in the oxidation of pyruvate by allowing turnover of the Krebs cycle under reduced adenylate control. As such, the increased level of alternative oxidase protein produced during the SAR response would poise the tissue for mobilizing a rapid response to pathogen infection and maintenance of the oxidative burst. Therefore, treatment with SA alone does not result in an increase in the percentage of electrons partitioning to the alternative pathway, even though it does lead to an increase in the amount of alternative oxidase protein. 
